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Abstract

Low transformation temperature (LTT) welding consumables offer the possibility of enhancing fatigue strength in welded
components without post-treatment. By lowering the martensite start temperature (Mg), the volume expansion during trans-
formation near ambient temperature is reduced, which decreases welding-related tensile residual stresses in fatigue-critical
areas. To evaluate this effect, longitudinal stiffeners were used. To evaluate this effect, longitudinal stiffeners were used, a
LTT and conventional filler serve as welding consumable; also, high frequency mechanical impact (HFMI) treatment was
carried out. Three single-pass and six additional-pass sample series were investigated for residual stress and fatigue strength.
The additional welds were applied in fatigue-cracked critical areas with different weld shapes, achieved by varying welding
parameters. Mechanical tests on reference samples evaluated the properties of the diluted LTT welds. Although reduced
toughness was observed, no fatigue cracks occurred in LTT single-pass weld roots. The fatigue strength at two million cycles
increased from 81 to 121 MPa compared to conventional welds, while HFMI reached 146 MPa. With an additional LTT
weld pass, the results varied from 138 to 196 MPa, depending on the shape and residual stress state. The results show that
LTT fillers effectively enhance fatigue performance, and that weld geometry and parameter selection are as critical as the
chemical composition for maximizing the LTT effect.

Keywords Low transformation temperature welding consumables (LTT) - Martensite start temperature - Residual stress -
Fatigue strength - Longitudinal stiffener

1 Introduction/state of the art

Increasing fatigue strength is essential for welded steel con-
structions that are subject to cyclic loads. Beside design
conditions such as a smart welding sequence or the weld
geometry improvement, residual stresses often have a crucial
impact on fatigue strength. Those stresses often make struc-
tures sensitive to cyclic loads, as they reach their highest
concentrations in fatigue critical areas [1-4]. To increase the
fatigue strength, there are several post-treatment processes
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which reduce tensile residual stresses and/or geometric
notches and/or cause local work hardening. These processes
include TIG-Dressing, grinding, clean blasting, and high-
frequency mechanical impact treatment (HFMI). HFMI,
in particular, is currently the subject of investigations in
various studies. This is because high compressive residual
stresses are induced, the geometric notch at the weld toe is
considerably reduced, and work-hardening effects occur in
the fatigue crack zone [5-8].

The previously mentioned techniques require an addi-
tional process step after welding, which causes additional
costs and time. An alternative approach is to introduce
compressive residual stress during the welding process and
cooling, respectively. This can be achieved by using the vol-
ume expansion in the weld filler metal during the austen-
ite — martensite transformation, which reduces tensile resid-
ual stress and partly generates compressive residual stress in
weld metal and the surrounding heat-affected zone (HAZ).
The maximum effect is obtained when the martensite start
temperature (M) takes place close to room temperature.
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These welding consumables are therefore referred to as
low transformation temperature (LTT) welding fillers, the
reduction of tensile residual stress is called “LTT-effect”.
The reduction in My is achieved by adding chromium and
nickel, which lead to an expansion of the austenite zone and
thus a reduction in M. Previous research has demonstrated
a reduction in tensile residual stress due to the LTT-effect
[9-11]. To quantify the LTT-effect more precisely, Dilatom-
eter tests were carried out, and in addition to My, the relative
length change between Mg and room temperature was also
determined, the so-called final expansion strain (FES). The
greater this difference, the greater the LTT-effect [12-14].
The dilution of the LTT welding consumable with the base
material is also a factor for the LTT effect. Usually, the dilu-
tion leads to an increase in Mg, as the Mg decreasing ele-
ments nickel and chromium are reduced in the solid LTT
weld [13, 15].

Fatigue strength tests with LTT welding consumables
have been conducted over the past two decades. Many of
these studies have shown an increase in fatigue strength
compared to conventional welding consumables [16-18]. A
statistical analysis by Bartsch [19] found an overall improve-
ment when using LTT filler in butt welds and longitudi-
nal stiffeners. Longitudinal stiffeners are often used as test
specimens in fatigue tests. The stiffener, which is welded to
the base plate, prevents distortion of the base plate, which
results in high tensile residual stresses at the weld toe of the
face ends. Consequently, a longer stiffener results in a lower
fatigue rating class, e.g., Eurocode 3 or the I[IW recom-
mendations [20, 21]. This in turn means that treatments to
reduce residual stress can have a particularly positive effect
on increasing service life. These specimen shapes are close
to practical application, as stiffeners are often essential in
thinner steel structures to prevent buckling or kinking.

Depending on the chemical composition, in some cases
LTT alloys exhibit a reduced toughness compared to conven-
tional welds [22, 23]. The reduced toughness was presumably
responsible for fatigue cracks in the weld root in butt welds
(with gaps) [22], which resulted in a significantly lower rating
in IIW design recommendations [21], as crack initiation and
propagation are not detectable visually. To overcome this prob-
lem, Shiga et al. [24] and Hensel et al. [22] used a combination
of conventional and LTT welding consumables on longitudi-
nal stiffeners. The root pass was welded with conventional
filler (high toughness, lower fatigue strength), and an addi-
tional LTT pass was added on the fatigue-critical end faces.
Both studies exhibited a significant improvement in fatigue
strength when using LTT welding consumables in longitudinal
stiffeners. The fatigue results were without root cracks in the
study by Hensel et al. [22]; however, the results were with root
cracks in the study by Shiga et al. [24], which suggests that the
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high fatigue resistance of the additional LTT pass shifted the
crack initiation into the root. In a previous paper, this com-
bined approach was applied to longitudinal stiffeners where the
welding parameters (speed, offset, and wire feed) were varied
for one additional LTT weld bead. Despite varying geometric
results, the dilution of the LTT weld remained nearly similar,
and therefore, the Mg and the FES. Nevertheless, there were
differences in the residual stress, which were explained by the
different weld geometries [15]. The approach of the additional
weld layer at the front face appears promising; however, there
are still some questions that have been answered only in lim-
ited detail in the literature, which are:

1. Does an additional LTT weld pass, compared with a
one-weld pass, have a significant influence on fatigue
strength, and can this be influenced by varying the weld-
ing parameters?

2. Aroot crack propagation appears in longitudinal stiffen-
ers when using LTT as a single pass?

To clarify these questions, this paper focuses on comparing
the fatigue strength between one-pass and double-pass welded
longitudinal stiffeners. The second LTT pass is varied, similar
to the previously mentioned investigation [15], to generate dif-
ferent weld geometries.

2 Materials and methods
2.1 Materials

As base Material served a thermomechanical rolled structural
steel of grade S700M and a thickness of 8 mm. As conven-
tional filler metal a commercially available G69 solid wire
electrode [25] with a diameter of 1.2 mm was used, which is
matching to the steel grade S7T00M. The LTT filler metal is a
non-commercial metal cored wire (diameter 1.2 mm) alloyed
with 12 wt% chromium and 5 wt% nickel. This electrode has
been successfully used in previous LTT research projects [15,
22]. The chemical composition of the undiluted materials is
given in Table 1. While the base material and LTT filler were
measured by optical emission spectroscopy, the composi-
tion of the conventional filler was given by the data sheet. In
Table 2, the mechanical properties of the undiluted materials
are listed. The calculation of Mg was carried out using Eq. (1)
from Steven and Haynes [26], which had also been proven
useful in previous research projects [15, 27]. Equation (1),
the martensite start temperature calculation from Steven and
Haynes [26], is calculated as follows:

M(°C) =561 — C % 474 — Mn * 33 — Cr % 17— Ni % 17 — Mo * 21
ey
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Table 1 Chemical composition

. . Material C Si
of the undiluted material

Mn Cr Ni Mo Al Nb \' Ti Fe

(weight percent) Base material  0.064 >0.1

Conwv. filler 0.09 0.5
LTT filler 0.04 0.41

2.0 >0.1 >0.1 >01 006 004 >0.1 0.16 Bal
1.57 03 14
075 11.66 4.73 0.03 - - - - Bal

0.25 - - 0.09 - Bal

Table 2 Mechanical properties and the calculated martensite start
temperature of the undiluted materials

Material oy (MPa) oyg (MPa) Ag (%) Impact Mg (°C)
toughness at
20°C ()
Base mate- >700 >770 >10 >40 -
rial
Conv. filler >690 >790 >16 >47 412
LTT filler 994 1121 11.3 21 238
[22]

2.2 Welding setup

This study was carried out on welded longitudinal stiffen-
ers. The stiffener was welded to the frame on one side with
a single weld pass. An additional weld pass was partially
welded on the end faces. The dimensions are given in Fig. 1.
The metal sheets were cut by saw (base plate) and water jet
cutting (stiffener) and sand clean blasted at a pressure of 7
bar. The base plate and stiffening plate were tacked in the
middle of the stiffener before welding. The welding process
was gas metal arc welding (GMAW) using direct current
and metal active gas (MAG). The samples were manufac-
tured on a 5-axis welding portal with an automatic control
unit, which ensured reproducible quality of the joints. The
first weld pass was welded in one complete layer with con-
ventional or LTT weld filler, with the start and end points
located in the middle of the stiffening plate. The welding
parameters for the first weld pass are listed in Table 3. An
additional ten specimens with a conventional weld pass were
HFMI treated. The procedure was pneumatic impact treat-
ment (PIT). A hardened steel pin impacts the weld toe at a
high rate, causing plastic deformation on the surface. This
process introduces tensile residual stress while also harden-
ing the near-surface layer [28]. The execution was carried
out manually on the entire weld toe of the base plate. The
parameters for HFMI treatment are: a frequency of 90 Hz, a

Fig. 1 Schematic shape and dimensions of the used longitudinal stiff-
ener with the first and additional weld passes

pressure of 6 bar, a pin radius of 2 mm, and a travel speed of
approximately V=20 cm/min, which is in the recommended
range of V;=12 mm/s to V;=24 mm/s for HFMI treatment
after Marquis et al. [29].

The additional weld pass at the end faces of the stiff-
ener was welded using LTT and a conventional filler
material. Five different LTT shapes were generated by
changing the welding parameters, which are offset from
the first layer, the welding speed, the wire feed speed,
and the welding torch angle. The different welding
parameters are listed in Table 4. For reasons of compari-
son, variant 1 (offset 11) was also performed with a con-
ventional welding filler as the second weld bead. For all
samples with an additional pass, the conventional filler
was always used for the first layer in order to ensure
sufficient toughness in the weld root. This gives a test
matrix with a total of nine sample series, which is sum-
marized in Fig. 2.

2.3 Materials characterization

The material properties were characterized using macro
samples. The samples were taken longitudinally from a
V-butt weld with two weld passes to achieve a similar dilu-
tion of the weld as in the fatigue tested stiffeners, illustrated
in Fig. 3. Two plates were welded, one with conventional
weld metal and one with LTT weld metal. S700 served as

Table 3 Welding parameters for

Process Voltage Current Welding speed straight Shielding gas
the first weld pass

GMAW/MAG 30-32V 240-245 A 60 cm/min M21 (18% CO,)

Arc energy Welding position Wire feed Welding speed rotation Preheating

0.72-0.78 kJ/mm 2F or PB (45°) 9 m/min 60 cm/min none
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a) Single weld pass
conv. Conv LT T conv. HFMI
weld weld weld :
g
HFMI 0 1 2 3 4 L
< BAM
b) additional weld pass

T

T
weld

weld weld weld
Var. 3 Var. 4 p— Var 5.
Weld speed 4 wire feed | |weld | Torch angle P

Fig.2 Test matrix of the nine sample series with the schematic cross-sections and an example of a single pass and b additional weld pass at the

front layers

Table 4 Welding parameters for

. Variant Nr 1 2 3 4 5

the additional weld pass
Label Offset 11 Offset 1 Rot. welding speed | Wire feed | Torch angle 1
Used Filler LTT+conv LTIT LTT LTT LTT
Current 285 A 285 A 285 A 180 A 285 A
Voltage 285V 285V 285V 25V 285V
Welding speed 40 cm/min =~ 40 cm/min 20 cm/min 40 cm/min 25 cm/min
Offset to first pass 4 mm 1 mm 4 mm 4 mm 5 mm
Wire feed 9 m/min 9 m/min 9 m/min 6 m/min 9 m/min
Torch angle 45° 45° 45° 45° 60°

the base material. The important parameters are listed in
Table 5. Round tensile and Charpy V-notch impact tests
were carried out in conformity with DIN EN ISO 6892-1
[30] and DIN EN ISO 148-1:2017 [31], respectively. Since
the impact test specimens were only 8 mm wide instead
of the normally used 10 mm, a correction factor accord-
ing to Wallin [32] was applied, the ratio of sample liga-
ments A, 0/Apxio- This results in a correction factor of
100/80=1.25.

Furthermore, dilatometer tests were carried out to
determine the Mg and final expansion strain (FES) in the
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weld metal. For this purpose, a fillet weld was welded
using conventional weld metal. Subsequently, an LTT
and a conventional second weld bead were applied with
a welding speed of 40 cm/min. The dilatometer samples
were taken from this second weld layer by electrical dis-
charge machining (EDM) and had a length of 10 mm and
a diameter of 4 mm. In addition, a dilatometer sample was
taken from the base material. A previous study had shown
that the welding speed had only a negligible influence on
the chemical composition in the weld and thus on the Mg
[15].
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Table 5 Welding parameters for

Wire feed Voltage Current Welding speed Arc energy
the V-butt weld
First pass 7 m/min 24-26 V 196-200 A 40 cm/min 0.7-0.79 kJ/mm
Second pass 8 m/min 28-29 V 220-230 A 45 cm/min 0.82-0.89 kJ/mm
in the load direction of the fatigue test. The set up is given in
Oy = 1mm g Fig. 4a. From the weld toe beginning, the measurement was

Fig.3 Schematic sketch of a two-pass V weld with extraction loca-
tions of the macro-tensile and notch-impact samples and dimensions
of the tested samples

2.4 Residual stress

The residual stresses at the surface were measured using
X-ray diffraction (XRD). The measurement was carried out
in the HAZ of the base material at the face end. The meas-
urement direction was transverse to the weld seam and thus

Fig.4 a XRD setup for residual
stress determination in the
HAZ transverse to the weld and
b fatigue testing setup with a
servo hydraulic machine

in the HAZ 9 mm long with 11 measurement points. The
residual stresses were calculated applying the sin>y method
[33] with a Cr-Ka radiation for the 211 «a diffraction line.
The y-angles varied between 0° and 45° with 10  steps.
The aperture (collimator) diameter was 2 mm and the meas-
urement time 3 s. An E-module of 215 GPa with a Poisson’s
ratio of 0.24 was used.

2.5 Fatigue testing

The longitudinal stiffeners were fatigue tested on a servo-
hydraulic 250 kN test machine, as shown in Fig. 4b. A
constant force-controlled amplitude was applied in the lon-
gitudinal direction of the stiffener. A frequency of 20 Hz
and a stress ratio o6,,;,/c.« R of 0.1 were used. All tests
were performed until fracture or were stopped at 5 million
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Table 6 Mechanical properties

of diluted weld motal and base Material oy (MPa) oys (MPa) Ag (%) Measured impact Corrected impact

energy at 20 °C (J) energy at 20 °C

material a)
Base material 775+20 828+25 7.2+0.3 151+5 189+5
Conv. filler 643 +52 860+30 6.6+1.3 26+7 33+9
LTT filler 923+ 14 1155+ 14 2.3+0.1 14+2 17+2

cycles (run-outs). S-N curves and slope were calculated 3 Results and discussion
with regression analysis. The number of cycles was plot-

ted against the stress range (Ao), and the mean fatigue 3,1 Materials characterization and dilatometer
strength (50% survival probability) was calculated at two tests

million cycles. The analysis does not take into account

failures that occurred at the same stress range, such as a  The results of the materials characterization are summarized
run-out [34]. in Table 6, which lists the yield strength oy, ultimate tensile

1,2

1,0+

0,8 -

0,6 -

Relative length change AL/L (%)

0,4 -
0,2 4
0,0
-0,2 -
e |_TT dliluted
-0,4 - LTT pure
Conv. weld
Base material
-0,6 : : : : , : ,

0 200 400 600 800
Temperature (°C)

Fig.5 Dilatometer cooling curves with a cooling time of #g/5 of 5 s. The FES is plotted exemplarily for the diluted LTT.
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Table 7 Transformation temperatures and final expansion strain from
the dilatometer test

Dilatometer Transformation Transformation FES (%)
sample start temperature  finish temperature

§®) ()]
LTT diluted 364 233 0.24
LTT pure 217 106 0.48
Conv. weld 520 412 —-0.28
Base Material 650 550 —-0.64

strength oyyg, uniform elongation Ag (%) and the measured
and corrected impact energy. The tensile test values of the
base material and diluted conventional weld metal corre-
spond to the specific data sheets. The values of the diluted
LTT weld metal are significantly higher in terms of yield
strength and tensile strength but lower in elongation and are

500

therefore similar to those found in the study by Hensel et al.
[22] (6y =944 MPa, 6ys=1121 MPa and A;=3.4%). The
corrected toughness values of the diluted LTT weld metal
are at 17 J, approximately 50% lower than those of the con-
ventional weld metal. The values reported by Hensel et al.
[22] are at 22 J, in a similar range for the same shielding gas
M21. The analysis indicates that the diluted LTT weld metal
exhibits only minor changes in the mechanical properties of
the pure LTT weld metal reported in the study by Hensel
et al. [22]. Therefore, the high yield and tensile strength, as
well as the low toughness, are similar to those of the undi-
luted LTT weld metal.

The results of the dilatometer test are summarized in
Fig. 5 and Table 7. The pure LTT and the diluted LTT weld
metal have a lowered Mg and a positive FES. In contrast, the
conventional weld metal and the base material have higher
Mg temperatures of 520 °C and 650 °C, respectively. In the

single weld pass
—&— conventional

= LTT
—=— HFMI

~

transverse residual stress (MPa)

A IIaR
PR

1 253

< BAM

distance from the weld toe (mm)

Fig. 6 Residual stress in the HAZ for single weld pass
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Fig.7 Residual stress in the
HAZ for an additional weld pass

additional weld pass
—=— conventional

4— | TT Var 1 offset 11
—e—LTT Var 2 offset 1
~—&—LTT Var 3 welding speed |

LTT Var 4 wire feed |
—&—LTT Var 5 torch angle 1

—-200 ~

transverse residual stress (MPa)
o
|

|
i
o
o
|

L,
o 1 2 3 4 &

2 BAM

Table 8 Residual stress at weld toe and maximum residual stress in
the HAZ for all variants

Maximum residual
stress in HAZ

Transverse residual
stress at weld toe

Sample description

(MPa) (MPa)

Single weld pass
Conventional 358 392
LTT 4 300
HFEMI — 186 —64
Additional weld pass
Conventional offset 11 287 394
LTT var 1 offset 11 2 183
LTT var 2 offset 1 172 305
LTT var 3 welding —158 94

speed |
LTT var 4 wire feed | 30 246
LTT var 5 torch angle 1 — 131 145

case of the base material, it is necessary to assume a bainitic
transformation rather than martensite formation. The higher
transformation temperatures lead to a negative FES for the
base material and the conventional weld filler. Thus, a resid-
ual stress-reducing LTT effect can be expected for the LTT
weld filler in the pure and diluted states, whereas this is not
the case for the conventional weld filler or the base material.

@ Springer

2 4 6 8

distance from the weld toe (mm)

3.2 Residual stress

The determined residual stresses in the HAZ are illustrated
in Fig. 6 for single weld pass and in Fig. 7 for stiffeners with
an additional weld pass. The residual stresses are presented
as a function of the distance from the weld toe, with 0 mm
being the position of the weld toe. For clarity, the values at
the weld toe and the maximum residual stress in the HAZ
are listed in Table 8. The single pass with conventional filler
metal exhibits the highest residual stresses at the weld toe
and in the maximum of the HAZ. The use of the LTT filler
as a single pass reduces the residual stress. The LTT filler
causes a reduction of approximately 350 MPa at the weld toe
and 100 MPa at the maximum compared to the conventional
weld. The most residual stress reduction turns out for the
HFMI samples for the single pass with — 186 MPa compres-
sive residual stress at the weld toe. These values show the
same trend as those in the studies by Schubnell et al. [8] (for
HFMI) and Gronlund et al. [35] (for ST00M conventional
welded). The HFMI samples were partly determined within
the radius of the HFMI treatment, which is why the residual
stresses remain in the compressive zone and are much lower
than all other residual stress values.

Using LTT welding consumables for the additional pass, a
residual stress reduction occurs, although to varying degrees
(Fig. 7). A welding speed reduction and a higher torch angle
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Fig.8 S-N curves for the single 350 -
weld pass samples . R=0.1, f=20Hz
300 4 A = 640mm?, P, = 50%
250 -
& 200
=3
o)
g 150 4 P4
) m
5 -~
i .
@ 100 al
o
=
wn
1 single weld pass
| M Conventional
=T
(M HFMI
50 2L o H i
1@ 10° 10° 107

achieve the strongest effect of residual stress reduction in
the weld toe (~ — 150 MPa) and at the maximum (=~ 100
to 150 MPa) of the HAZ. A lower offset leads to a residual
stress reduction at the weld toe of 172 MPa and a maximum
of 305 MPa. A high offset and a lower wire feed speed result

Fig.9 Specimen with LTT single weld pass after fatigue testing. The
crack propagated along the weld toe

N (cycles to failure)

in ~ 0 MPa residual stress at the weld toe, but the peak
in both curves differs considerably (170 to 250 MPa). The
results of additional front face layers confirm that the LTT
welding consumables reduce the tensile residual stress. Add-
ing a second weld pass with conventional filler metal instead
does not lead to a significant reduction in residual stresses
at the weld toe and the maximum, which is also confirmed
in the results of Harati et al.’s [17] study.

3.3 Fatigue testing

The S—N curves are plotted for the stiffeners with a single
weld pass in Fig. 8 and with an additional pass in Fig. 11.
For a 150-mm-long stiffener plate, the IIW fatigue design
curve FAT 63 is included as a reference [21]. All tested
specimens failed at the weld toe, including the LTT sin-
gle pass (Fig. 9). Table 9 summarizes the following results:
fatigue strength at 2 million cycles, calculated slope m, and
improvement of the mean fatigue strength, which is the ratio
of the fatigue strength between the individual sample and the
conventional single pass sample.

The single-pass welded longitudinal stiffeners exhibit
very different S-N curves depending on the sample type.
The conventional longitudinal stiffener has a slope of
m=3.0, which coincidentally corresponds to FAT 63. The
mean fatigue strength of 81 MPa is within the range of other
values for the same steel grade, thickness, and stiffener

@ Springer
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Table 9 Data of the S-N

curves and the obtained fatigue Sample description Number of Slope, m (—) Mean fatigue strength Improvement
strength samples (—) Ao, 504 (MPa) of A6, 504, (%)

Single weld pass

Conventional 11 3.0 81 -

LTT 9 4.5 121 49

HFMI 10 5.1 146 79

Additional weld pass

Conventional offset 11 8 33 83 1

LTT var 1 offset 11 11 5.1 166 104

LTT var 2 offset 1 9 5.4 156 92

LTT var 3 welding speed | 9 7.6 196 140

LTT var 4 wire feed | 7 52 138 69

LTT var 5 torch angle 1 9 6.6 194 138

Fig. 10 Micrograph of an HFMI
fatigue—tested sample of the
non-ruptured site: a full cross-
section and b magnified section
of the sample with a rough
surface and crack initiation

a)

length (e.g., Gronlund et al. [35], — Ao, 504, =80 MPa). The
LTT single weld pass increases the slope m to 4.5 and exhib-
its a mean fatigue strength of 121 MPa, which represents an
improvement of 49% in fatigue behavior. The LTT fatigue
values are within the range of statistical values from Bartsch
[19]. All samples show crack initiation and propagation at
the weld toe, as exemplified in Fig. 9. Despite the reduced
toughness of the LTT welding consumable, no visible cracks
occurred in the weld root during fatigue testing. However, as
the specimen has a gap in the middle of the stiffener and is
therefore not fully welded through, the possibility of crack
initiation at the weld root cannot be completely excluded.
The HFMI-treated samples showed the best values for the
single-pass longitudinal stiffener, with a slope of 5.1 and
A6, 509, = 146 MPa; the improvement is 79%. Figure 10 gives
a micrograph of an HFMI sample after fatigue testing on
the non-ruptured side. It is noteworthy that crack initiation
occurred next to the HFMI-treated zone, where the surface
is very rough, which could explain the relatively high scatter
of the HFMI fatigue tests. One possible explanation is that
the HFMI pin was positioned too far into the base material.

@ Springer

Since the HFMI process was applied manually, precise
treatment of the weld toe—especially at the face ends—
was difficult to achieve. Nevertheless, even the outliers of
the HFMI-treated longitudinal stiffeners show significantly
higher fatigue strength than untreated samples.

All in all, for the single-weld-pass stiffeners, HFMI per-
formed best, LTT was in the middle range, and conv. per-
formed worst. These gradations of improvements in fatigue
strength are consistent with Lixing et al.’s [16] results,
in which longitudinal stiffeners with base-material yield
strengths of 253 MPa were investigated.

The S—-N curves with additional weld pass at the front
faces are given in Fig. 11. The additional weld pass
with a conventional filler shows a slope of m=3.3 and
Ao, 505, =83 MPa and performs similarly to the conven-
tional single pass samples. All samples with an additional
LTT pass show a significant improvement in fatigue
strength. LTT Variant 4 (wire feed |) shows with m=35.2
and a Ao, 50y, =138 MPa an almost similar increase as
HFMI treated single pass samples with an improvement
of 67%. Variants 2 (offset 1) and 1 (offset 11) give a
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Fig. 11 S-N curves for the additional weld pass samples

higher improvement in fatigue strength with 156.0 MPa
and 166.3 MPa, respectively. Variants 3 (welding speed
1) and 5 (torch angle 1) have the best fatigue results with
a slope of m=7.6 and m=6.5; the mean fatigue strength
is at Ao, 504, =196 MPa and Ao s5q =194 MPa. This is
an improvement of 137% and 135% for variants 3 and 5,
respectively.

Generally, specimens characterized by low tensile resid-
ual stresses in the fatigue critical HAZ show an increase
in the slope m. At lower stress ranges, compressive or low
tensile residual stresses delay fatigue crack initiation more
than they do in higher stress ranges. This can explain the
higher S—N slopes observed for specimens with low residual
stresses and the resulting increase in mean fatigue strength.
This flatness of the S—N curves is observed in the literature

both in LTT samples from the work of Harati et al. [17] and
in HFMI samples from the work of Schubnell et al. [28].
The results demonstrate that the use of LTT welding filler
has a positive effect on fatigue strength in single and addi-
tional pass welded longitudinal stiffeners. However, there
is a clear difference between the two kinds. The single LTT
layer does not achieve the same increase in fatigue strength
as the HFMI-treated samples. In the case of the LTT as an
additional pass, the specimens significantly exceeded the
HFMI results in four of five cases. The choice of welding
parameters and the resulting geometry are important fac-
tors in this context. In variant 4, a lower wire feed speed
added the smallest total amount of LTT weld filler in the
fatigue-critical zone, so the LTT effect is weaker. Although
for variant 4 the residual stress at the weld toe was similar

@ Springer
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Fig. 12 Correlation between the mean fatigue strength and a the residual stress at the weld toe and b the maximum residual stress in the HAZ

to that in variant 1 and lower than in variant 2, the fatigue
results were better in variants 1 and 2. The first two variants
exhibit a higher amount of added LTT weld filler. The LTT
effect is most pronounced in variants 3 and 5, as these have
the slowest welding speed and therefore the highest amount
of LTT was applied. This is one more indication that the
amount of LTT filler used is crucial for fatigue behavior.
The fact that the additional weld pass with LTT filler in most
cases achieves better results in fatigue strength, higher slope
than a single LTT pass, and performs much better than the
conventional welding fillers is in accordance with the works
of Harati et al. [17] and Shiga et al. [24]. In both studies, an
LTT filler was applied as an additional pass in the fatigue-
critical zone and achieved an increase in fatigue strength.

3.4 Correlation between residual stresses
and fatigue strength

A qualitative correlation can be identified between the
residual stresses determined by XRD measurements and
the corresponding fatigue strength values. As an example,
LTT variants 3 and 5 exhibit the lowest residual stresses
both at the weld toe and at the maximum in the HAZ, while
simultaneously achieving the highest fatigue strength. In
contrast, conventional welds (both the single-pass and the
additional pass) show the highest residual stresses and the
lowest fatigue strength. A comparison between LTT variant
2 (Offset 1) and variant 4 (Wire feed |) reveals that variant 2
demonstrates superior fatigue performance—approximately
30 MPa higher in Ao, 50,—despite higher residual stresses
at the weld toe. Nonetheless, both variants show significantly

@ Springer

improved fatigue strengths compared to conventional welds,
even though the difference in residual stress between variant
2 and the conventional specimens is only about 100 MPa.

Figure 12 presents the fatigue strength at 2 million
cycles on the x-axis against (a) the residual stress at the
weld toe and (b) the maximum residual stress in the HAZ
on the y-axis. In both cases, an inverse relationship is
observed: lower residual stresses correspond to higher
fatigue strengths. Although this trend exhibits some scatter
in the weld toe data, it becomes more distinct—displaying
an approximately linear relationship—when considering the
maximum residual stress within the HAZ.

Only the HFMI values differ greatly between the two
curves. They have the highest residual compressive stresses;
however, they do not have the best fatigue values. One pos-
sible explanation is that factors such as the radius at the weld
toe and the hardening in the HAZ also play a role in HFML.
Furthermore, as shown in Fig. 10, the rough surface adjacent
to the HFMI-treated zone serves as the crack initiation site.

Figure 12 shows that the residual stress reduction due to
the LTT effect has a positive effect on the fatigue strength;
however, the improvement depends on the weld shape. Using
LTT welding fillers leads to a residual stress reduction in
the fatigue-critical area the farther the weld toe is from the
stiffener sheet, as shown in a previous study [15]. This trend
continues for the fatigue strength. In this case as well, LTT
series show similar dilution, since only one type of LTT
welding filler was used; nevertheless, the fatigue behavior
varies. This demonstrates that knowing the residual stress in
the HAZ is important for estimating the fatigue strength of
longitudinal stiffeners when using the LTT effect.
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4 Conclusion

In this study, longitudinal stiffeners welded with an LTT
filler were tested for residual stresses and fatigue strength.
In nine sample series, the weld design was realized both
as a single weld pass and—with varying welding param-
eters—and as an additional pass in the fatigue-critical areas.
In addition, the mechanical properties of the LTT filler in its
diluted state were investigated. The following can be stated:

1. The mechanical properties of the diluted LTT weld
metal exhibit reduced toughness but higher yield and
tensile strength compared with the conventional filler.

2. The reduced Mg of the LTT filler resulted in reduced
residual stresses compared to the conventional filler.

3. No undesired root crack propagation was observed dur-
ing the fatigue tests in this study, not even for a single
weld pass with LTT.

4. The single-pass LTT samples perform better than sin-
gle and additional-pass conventional samples. HFMI
treatment had the greatest effect on increasing fatigue
strength for single-pass samples. The LTT as an addi-
tional weld achieved the best fatigue results.

5. The residual stress reduction, which varies depending
on the weld shape, is crucial for the fatigue strength.
The lower the maximum residual stresses in the HAZ,
the better the fatigue strength in the case of LTT welded
specimens.

6. When LTT fillers are used, the increase in fatigue
strength depends not only on the chemical composition
and the resulting Mg but also on the weld shape and the
associated residual stress state.
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